ABSTRACT: In the present work, in -situ polymerizations of sulfonated polyoxadiazole through a polycondensation reaction of A-A (hydrazine sulphate) and B-B (aromatic dicarboxylic acid) monomers with carbon nanotubes in poly(phosphoric acid) were performed. The structures of composites were characterized by elemental analysis, Raman and FTIR spectroscopy. The sulfonated polyoxadiazole composites with high molecular weight (in the order of magnitude of 10 5 g/mol) are soluble in organic solvents and can be cast as dense films. They exhibit good mechanical properties (storage modulus up to around 4 GPa at 300 °C) and an electrical conductivity in the order of 10 -5 S m -1 . The composites can be used at temperatures as high as 470°C.
Introduction
The development of high-performance polymers has been a demand from the aerospace industries seeking for new materials. Synthesis of polymers containing oxadiazole rings was part of a NASA program on high performance/high temperature polymer for potential use as coatings and composite matrices on aerospace vehicles [1, 2] . Particularly, polyoxadiazole (POD) thermoplastic polymers have a great potential as structural material because of their superior thermal, chemical and mechanical properties [3] . POD fibers present a combination of properties (such as good strength and stiffness, good fatigue resistance and low density) that makes these fibers competitive in performance when compared to other reinforcing agents, such as glass, steel, and commercial high-temperature fibers (Kevlar, X-500, Cermel, Nomex) [3] [4] [5] . Technological applications have also been reported in connection with the basic nitrogen atoms and aromatic character of the oxadiazole heterocyclic ring [6] , enabling their use as emissive layers in light-emitting diodes [7] [8] [9] , electron/proton conducting materials [10, 11] , electrochemical/acid sensors [12, 13] and materials to prevent metal corrosion [14, 15] .
During the last decade, composite materials have become commonplace in space structures. agglomeration behavior. This way, SWCNTs with the largest aspect ratio and SSA up to 1300 m 2 /g should present higher reinforcing potential compared to the MWCNTs (SSA of only 200 m 2 /g or less) [23] . On the other hand, MWCNTs exhibit much better dispersibility which may improve the mechanical properties. As an improvement of the CNT dispersibility should already be achieved in the present work by polyoxadiazole/CNT functionalizations and taking into account the lower diameter of the SWCNTs, for this study SWCNTs were selected and tested in a wider range of concentration (0.1-15 wt.%). For the sake of comparison, polyoxadiazole-based composites containing 1wt.% and 10wt.% MWCNT were also analyzed.
The present work relates to a fast direct method where the CNTs are in -situ functionalized during the polyoxadiazole polymerization. Because of the different reactivity of monomers, significant lower synthesis time is required (4h) to produce the composite polyoxadiazole compared to other composite polymers synthesized via in -situ polymerization in PPA [27] [28] [29] . The sulfonated polyoxadiazole composites with high molecular weight (in the order of magnitude of 10 5 g/mol) are soluble in organic solvents and can be cast as dense films. They exhibit good mechanical properties (storage modulus up to around 4 GPa at 300 °C) and an electrical conductivity in the order of 10 -5 S m -1 .
Experimental Section

Synthesis of sulfonated poly(diphenyether-1,3,4-oxadiazole) nanocomposites
The synthesis conditions have been selected considering a previously reported synthesis method for sulfonated polyoxadiazoles with high molecular weight [33, 34] . Hydrazine sulfate salt, HS (>99%, Aldrich), carbon nanotubes, CNT, and dicarboxylic diacid 4,4'-diphenylether, DPE (99%, Aldrich) were reacted at 160°C in polyphosphoric acid, PPA (115% H 3 PO 4 , Aldrich), under dry nitrogen atmosphere for 4 h. The multi-wall carbon nanotubes, MWCNTs (>95%, average outer diameter: 13-16 nm, length 1-10 μm) were kindly supplied by Bayer MaterialScience and the single-wall carbon nanotubes, SWCNTs (>95%, average outer diameter: 1-2 nm, length 10-20 μm) were purchased from Heji Inc..
The molar dilution rate (PPA/HS) and the molar monomer rate (HS/DPE) were kept constant and equal to 10 and 1.2, respectively. Afterwards, the reaction medium was poured into water containing 5 wt.% of sodium hydroxide (99%, Vetec), for precipitation of the polymer composites. The pH of this polymer suspension was controlled according to literature [34] . Yield: 97-99%.
Homogeneous films were cast from solutions with a polymer concentration of 4 wt. % in dimethyl sulfoxide, DMSO (>99%, Aldrich). After casting, the DMSO was evaporated in a vacuum oven at 60°C for 24 h. For further residual solvent removal, the films were immersed in a water bath at 60°C for 48 h and dried in a vacuum oven at 60°C for 24h. The final thickness of the films was about 70 μm.
Polymer and nanocomposite characterization
The polymer and nanocomposite structures were characterized by elemental analysis, modulus (E'), loss modulus (E'') and loss tangent (Tan δ). DMTA was performed using a TA instrument RSA 2 with a film tension mode at a frequency of 1Hz and 0.1 N initial static force. The temperature was varied from 25°C to 500 °C at a heating rate of 2°C/min and at a constant strain of 0.05%.
The electrical conductivity was measured by dielectric spectroscopy using a HP 4284a The polyoxadiazole synthesis described here follows the classical mechanism of polymerization by polycondensation [35] . In this case, the polymerization takes place by the continuous reaction between the functional groups of the multi-functional molecules. The basic characteristics of these reactions are known since the beginning of the 20's century [36] and include the continuous growth of the average molecular weight with time, the high sensitivity to mono-functional impurities and the possibility of the formation of threedimensional crosslinked structures, when there is presence of three or more reactive groups per molecule. Against what could be expected, taking into account that polycondensation reactions could be draw backed in the presence of CNTs, which could act as an "impurity", sulfonated polyoxadiazole composites containing carbon nanotubes were successfully prepared via in-situ polymerization, as observed as follows by elemental analysis, FTIR and
Raman spectra.
Elemental analysis data for the sulfonated polyoxadiazole nanocomposites shown in Table 1 are in agreement with the value range for the sulfonated polyoxadiazoles. The polyoxadiazole sulfonation reaction which occurs during this synthesis method by the presence of sulfuric acid in the solution of hydrazine sulfate has been recently recognized and characterized by Gomes et al. [10] . The polyoxadiazole sulfonation level (S/C) has been shown to be dependent on the reaction time [11] , reaching the value range 0.098-0.085 for the synthesis performed in 4 h. Here, the sulfonation level has been mainly changed for the higher CNT contents (Table 1 ). In the range of concentration 0.1 to 5 wt.% the differences are most within the ones observed for the sulfonated polyoxadiazoles. An additional factor could be the homogeneity differences of CNT concentration in the reaction medium. In regions where the CNT concentration is overall or much better distributed, the sulfonation level should proportionally decrease. This explains the lower sulfonation level obtained for the concentrations 10 and 15 wt.% CNT.
The comparison of the composites with the pristine sulfonated polyoxadiazole is difficult once the polymer shows different sulfonation levels (S/C), which influence the dipole-dipole interactions between the sulfonated groups. The introduction of sulfonic acid groups increases the intermolecular interaction and consequently increasing the T g and mechanical properties.
Despite of that, an increase in mechanical properties has been observed for both systems. SWCNT, the signals of the polymer overcomes completely that of the nanotubes. This is most likely because when the amount of SWCNTs is too low, the nanotubes should be completely wrapped by the polymer chains. Unfortunately, no C=O stretches could be observed both by the FTIR and Raman spectra of the composites. This result may be attributed to the very low surface amount of C=O groups compared with the other groups present in the main polymer chain.
Morphological properties
Figures 4 and 5 show the typical SEM images of SWCNT and MWCNT as well as their
composites. The MWCNTs shown in Fig. 4(a) have an entangled cotton-like structure, whereas the SWCNTs are a more condensed and highly entangled network structure ( Fig.   5(a) ). The micrographs show uniform distribution of CNTs in the sulfonated polyoxadiazole matrix, indicating that the CNTs are well dispersed in the composite. However, the morphology of the bulk composites is different for both CNTs. For the sulfonated polyoxadiazole with 1 and 10 wt.% MWCNTs, there are more than expected exposed
MWCNTs taking into account the range of composition (Fig. 4 (b-c) ). The CNT bundles are probably pulled out of the sulfonated polyoxadiazole matrix. On the other hand, for sulfonated polyoxadiazole with 0.2 and 15 wt.% SWCNTs (Fig. 5 (b-c) 
Glass transition temperatures of sulfonated polyoxadiazole composites containing carbon nanotubes
The T g values of the composites are affected both by the sulfonation level as well as by the CNT content (Fig. 6 ). The higher the sulfonation level, the higher is the T g [11] . When a filler is homogeneously distributed in a polymeric matrix, the T g of the composites should increase with filler content. The T g values of the composites in general slightly decreased or kept unchanged with the addition of CNTs, excepted for 1 wt.% CNT. For this composition, where the sulfonation level is similar to the pristine polymer, the effect of the addition of CNTs should be predominant for the final T g value. On the other hand, despite the addition of 15 wt.% CNT, a reduction in T g was observed because the sulfonation level also significantly decreased.
High interactions between the CNTs and the polyoxadiazole result in constrained polymer chains in the vicinity of the CNTs. This effect was observed by the depression in tan δ, which indicates the reduction of chain mobility during the glass transition being the relative peak height proportional to the volume of the constrained chains [41] . Fig. 6 clearly shows the reduction of the relative peak height of tan δ and the decrease of the T g value for the composite containing 15 wt.% CNT, which indicate a very well dispersion of CNTs in the sulfonated polyoxadiazole matrix. Reductions of the relative peak height of tan δ with the increase of the T g values due to the constrained polymer chains in the vicinity of the functionalized filler were also observed by Gomes et al. [42] . Figure 7 shows the dependence of the T g on the sulfonation level (S/C) of the sulfonated polyoxadiazole composites. As already expected, the higher the sulfonation level, the higher is the T g . The observed deviation can be attributed to the effect of CNT addition, which is affected both by the CNT amount and dispersion. Recently, Gomes et al. [42] have shown that when functionalized nanofiller is added to the sulfonated polyoxadiazole matrix which was synthesized in a different batch, the T g values of the composite membranes increased with increase of nanofiller concentration as a consequence of the good interaction between the functionalized filler and the polyoxadiazole matrix. When the filler had a good interaction with the polyoxadiazole matrix, for a constant S/C the T g increased and the relative peak height decreased. Gomes et al. [42] have also shown that for a concentration range 2.5-5wt.% of a nanofiller, fluctuations in the filler dispersion in the sulfonated polyoxadiazole matrix lead to not significant differences in the T g values for this concentration range. should exhibit a linear increase of conductivity with frequency with a slope of unity in a loglog scale. Musumeci et al. [43] have argued that conjugated polymers behave different from insulating polymers and that for composites with low CNT concentration, the conductivity is associated with charge transfer through the semiconductor polymer. The polymer layer between CNT connections presents a resistance for the electrical pathway. Conjugated polymer based nanocomposites have presented lower levels of conductivity than insulating polymers after percolation [45] . A combination of CNT network conductivity and conjugated polymer charge transport should play different roles for different CNT concentrations.
Electrical conductivity
Reduction of polymer thickness could be a possible way to increase composite conductivity by introducing the tunneling mechanism of conduction [32, 45] . Another possibility to increase the composite conductivity should be the doped form of basic polymers [32] . Though with 1 wt. % a high electrical conductivity up to 2.7 x10 -5 S m -1 has already been achieved, only the composite with 15 wt.% concentration exhibited a conductive behavior, where the conductivity is nearly independent of frequency. As it can be seen in Fig. 9 , the sulfonated polyoxadiazole is a semiconductor material with an electrical conductivity of 2.3 x10 -7 S m -1 , higher than insulating polymers with the order of magnitude in the range 10 -16 -10 -8 S m -1 [24, 32, 44] . The semiconductor behavior of the sulfonated polyoxadiazole samples is a consequence of the conjugated and aromatic character of the polyoxadiazole chains as well as of the sulfonation level once the introduction of sulfonic acid groups and the consequent presence of mobile metal counter-ions might make ease the electron transport [46] . Therefore, the electrical conductivity values plotted in Fig. 8 may depend not only on the content of SWCNTs in the composite but also on the content of sulfonic acid groups acting as a self doping agent.
Conclusions
In-situ polymerizations of sulfonated polyoxadiazole through a polycondensation reaction 
